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Abstract
During inflation primordial quantum fluctuations of the spacetime metric become
classical and there is a spontaneous CPT violation by the spin connection coupling
terms of the metric with fermions. The energy levels of the left and the right chirality
neutrinos is split which gives rise to a net lepton asymmetry at equilibrium. A net
baryon asymmetry of the same magnitude can be generated from this lepton asym-
metry either by a GUT, B−L symmetry or by electroweak sphaleron processes which
preserve B + L symmetry. If the amplitude of the primordial tensor perturbations
is of the order of 10−6 (as is expected from inflation models) and the lepton/baryon
number violating processes freeze out at the GUT era Td ∼ 1016Gev then a baryon
number asymmetry of the correct magnitude 10−10 can be generated.
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The successful prediction of light element abundance by the big-bang nucleosyn-
thesis [1] depends crucially on the assumption that the net baryon number to entropy
ratio η ∼ (2.6− 6.2)× 10−10. In order to generate this non-zero baryon number from
a baryon symmetric universe there are three basic requirements (Sakharov [2]): (i)
There should be baryon number violating processes in particle interactions. (ii) C and
CP violation to ensure that B generating processes are more rapid than B¯ generating
processes and (iii) Out of equilibrium conditions: as CPT demands that mb = mb¯,
the equilibrium phase space density of particles and antiparticles are the same. To
maintain nb 6= nb¯ the reactions should freeze out before particles and anti-particles
achieve thermodynamic equilibrium.
In the standard baryogenesis scenarios [3] (i) baryon number violation occurs in
Grand Unified Theories (GUT’s) where quarks and leptons belong to the same ir-
reducible representation of the gauge group. (ii) C is violated maximally in the
electro-weak sector and CP violation is introduced by making the coupling constants
of the lepto-quark gauge bosons complex.(iii) Out of equilibrium condition is achieved
by the expansion of the universe when the reaction rates become lower than the Hub-
ble expansion rate at some ’freeze-out’ temperature. In GUT baryogenesis scenarios,
the decoupling takes place in the GUT era Td ∼ 1016Gev and the correct baryon-
asymmetry parameter is achieved by tuning the CP violation parameter in the gauge
couplings.
In this paper we show that when the quantum fluctuations of the metric become
classical CP and CPT are violated spontaneously due to the spin-connection cou-
plings of fermions with gravity. In the presence of baryon/lepton violating GUT
processes there is a net asymmetry generated between neutrinos and anti-neutrinos
at thermodynamic equilibrium. This lepton-asymmetry goes down with temperature
and gets frozen-in when the lepton-number violating GUT processes decouple. Baryon
asymmetry can be achieved in two ways (i) if the GUT posseses a B − L residual
symmetry [9] (as in SU(5)) then the generation of lepton-asymmetry is accompanied
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by baryon asymmetry of the same magnitude; (ii) the electroweak sphaleron pro-
cesses [10] can generate baryon and lepton number violation at the electroweak scale.
Sphaleron processes conserve B + L so a lepton asymmetry generated in the GUT
era can be converted to baryon asymmetry of the same magnitude.
The magnitude of the baryon/lepton asymmetry depends upon the magnitude of
the primordial tensor perturbations and the decoupling temperature
η ≃ A× Td
g
1/2
∗ Mpl
. (1)
If the primordial tensor perturbations have an amplitude A× ∼ 10−6 , the decoupling
temperature Td ∼ 1016Gev and the relativistic degrees of freedom g∗ ∼ 102 then the
baryon to photon ratio turns η turns out to be of the required magnitude η ∼ 10−10.
This amplitude of primordial tensor perturbations is consistent with observations of
scalar perturbations by COBE and predictions of many inflation models [6].
The general covariant coupling of spin 1/2 particles to gravity is given by the
Lagrangian [4]
L = √−g
(
ψ¯iγaDaψ −mψ¯ψ
)
(2)
where the covariant derivative is given by
Da =
(
∂a − i
4
ωbcaσ
bc
)
, (3)
and the spin-connections are
ωbca = ebλ
(
∂ae
λ
c + Γ
λ
γµe
γ
c e
µ
a
)
, (4)
This Lagrangian is invariant under the local Lorentz transformation of the vierbein eaµ
and the spinor fields: eaµ(x)→ Λab (x)ebµ(x) and the ψ(x)→ exp(iǫab(x)σab)ψ(x). Here
σbc = i
2
[γb, γc] are generators of tangent space Lorentz transformation ( a, b, c etc.
denote the inertial frame ”flat space” indices and α, β, γ etc. are the coordinate frame
”curved space” indices such that eµae
νa = gµν , eaµebµ = η
ab, {γa, γb} = 2ηab where ηab
represents the inertial frame Minkowski metric, and gµν is the curved space metric).
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The spin-connection term in the Dirac equation is a product of three Dirac ma-
trices. By making use of the identity γaγbγc = ηabγc + ηbcγa − ηacγb − iǫabcdγ5γd the
spin connection term can be reduced to a vector Aaγa and an axial vector B
dγ5γd
coupling. The vector term turns out to be anti-hermitian and disappears when the
hermetian conjugate part is added to the lagrangian (2). The surviving interaction
term which describes the spin-connection coupling of fermions can be written as a
axial-vector
L = det(e) ψ¯
(
iγa∂a − m − γ5γdBd
)
ψ,
Bd = ǫabcdebλ
(
∂ae
λ
c + Γ
λ
αµe
α
c e
µ
a
)
(5)
In a local inertial frame of the fermion, the effect of a gravitational field appears solely
as a axial-vector interaction term shown in (5). We can now calculate the four vector
Bd for a perturbed Robertson-Walker universe.
The general form of perturbations on a flat Robertson-Walker expanding universe
can be written as [5]
ds2 = a(τ)2
[
(1 + 2φ)dτ 2 − ωidxidτ − ((1 + 2ψ)δij + hij) dxidxj
]
(6)
where φ and ψ are scalar , ωi are vector and hij are the tensor fluctuations of the
metric. Of the ten degrees of freedom in the metric perturbations only six are in-
dependent and the remaining four can be set to zero by suitable gauge choice. For
our application we need only the tensor perturbations and we choose the transverse-
traceless (TT) gauge hii = 0, ∂
ihij = 0 for the tensor perturbations. In the TT gauge
the perturbed Robertson-Walker can be expressed as
gµν = a(τ)
2


1 + 2φ −ω1 −ω2 −ω3
−ω1 −(1 + 2ψ) + h+ h× 0
−ω2 h× −(1 + 2ψ)− h+ 0
−ω3 0 0 −(1 + 2ψ)


(7)
4
An orthogonal set of vierbiens eaµ for this metric is given by
eaµ = a(τ)


1 + φ −ω1 −ω2 −ω3
0 −(1 + ψ) + h+/2 h× 0
0 0 −(1 + ψ)− h+/2 0
0 0 0 −(1 + ψ)


(8)
Using the vierbiens 8 the expression for the components of the four vector field Bd
(5) is given by
B0 = ∂3h×
B1 = (▽× ~ω)1
B2 = (▽× ~ω)2
B3 = (▽× ~ω)3 + ∂τh× (9)
The fermion bilinear term ψ¯γ5γaψ is odd under CPT transformation. When one
treats Ba as a background field then the interaction term in (5) explicitly violates
CPT . When the primordial metric fluctuations become classical i.e there is no back-
reaction of the micro-physics involving the fermions on the metric andBa is considered
as a fixed external field then CPT is violated spontaneously.
What is important for our application is that the axial interaction term has dif-
ferent signs for left and right chiral fields. The axial coupling term for particles ψ
and anti-particles ψc may be expressed as
ψ¯γaγ5ψ = ψ¯RγaψR − ψ¯LγaψL (10)
ψ¯cγaγ5ψ
c = (ψ¯c)Rγa(ψ
c)R − (ψ¯c)Lγa(ψc)L (11)
In the standard model neutrinos have left chirality and anti-neutrinos have only right
chirality so the first term in the neutrino coupling (10) and the second term in the anti-
neutrino coupling (11) are not present. The spin-connection interaction has opposite
signs for the (left-handed) neutrinos and (right-handed) anti-neutrinos. The presence
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of non-zero neutrino mass does not affect our analysis as long as mν << MGUT ∼
1016Gev.
The dispersion relation of left and right chirality fields are given by
(pa ± Ba)2 = m2 (12)
(here and in the following the upper sign corresponds to ψL and the lower sign is for
ψR). Keeping terms linear in the perturbations B
a the free particle energy of the left
and right chirality states is
EL,R(p) = (|~p|+ m
2
2|~p|)∓

B0 − ~p · ~B
(|~p|

 (13)
In the Standard model the left chirality neutrinos νL carry lepton number +1 and
right chirality neutrinos νR are assigned lepton number (−1). In the presence of non-
zero metric fluctuations , there is a split in energy levels of νL,R given by (13). If
there are GUT processes that violate lepton number freely above some decoupling
temperature Td then the equilibrium value of lepton asymmetry generated for all
T > Td will be
n(νL)− n(νR) = g
2π2
∫
dp3
[
{1 + exp (EL(p)
T
)}−1 − {1 + exp (ER(p)
T
)}−1
]
(14)
In the ultra-relativistic regime |~p| >> mν and assuming that B0 << T (which is
valid at all temperatures below MP l = 1.22 × 1019GeV ) the expression (14) for
lepton asymmetry reduces to
∆nL =
gT 3
6
(
B0
T
)
(15)
The dependence on ~B drops out in the angular integration and the lepton asym-
metry depends only on the tensor perturbations through B0. We can write B0 as a
product of an amplitude A× times a wavenumber which represents the length scale
over which the metric fluctuations vary. The Compton wavelengths of the particles
in the GUT era ( ∼ (1016GeV )−1) is much smaller than the average wavelength of
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the gravitational waves whose wavenumber k ∼ H = 1.66g1/2∗ (T 2/MP l). The gravita-
tional wave background can be considered as a constant amplitude field for the GUT
processes. The mean value of B0 as a function of temperature and the primordial
tensor wave amplitude A× can be expressed as
〈B0〉 ≃ A×H ≃ A×
(
1.66 g1/2
∗
T 2
MP l
)
(16)
Here g∗ is the number of relativistic degrees of freedom which for the standard model
is 106.7.
The lepton asymmetry (14) as a function of temperature can therefore be ex-
pressed as (taking g = 3 for the three neutrino flavors)
∆nL(T ) ≃ 0.83 A× g∗
1/2 T 4
MP l
. (17)
∆nL(T ) decreases with temperature as long as the lepton violating processes are
in thermodynamic equilibrium. When the temperature drops below a decoupling
temperature for the lepton number violating processes, the value of ∆nL(T < Td)
changes only due to expansion of the scale factor. The lepton number to entropy
density(s = 0.44 g∗ T
3) remains constant after decoupling and is given by
∆L(T < Td) ≡ ∆nL(Td)
s(Td)
≃ 1.89 A× Td
g
1/2
∗ MP l
≃ 1.5× 10−10
(
A×
10−6
)(
Td
1016Gev
)(
107
g∗
)1/2
. (18)
Primordial tensor perturbations (along with the primordial scalar perturbations)
contribute to the anisotropy of cosmic microwave background at large angles. The
COBE DMR measurement [8] of temperature anisotropy ∆T = 30µK sets an upper
limit of A× ≤ 10−5. Tensor perturbations arise in inflation models [6] in the same
way as scalar perturbations of the metric [7] from quantum fluctuations. The magni-
tude (and spectrum) of the tensor perturbations depend upon the details of inflation
potential [6] , typically they are expected to be an order of magnitude smaller in
amplitude than scalar perturbations (which from COBE are ∼ 10−5). If one chooses
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AT ∼ 10−6 and the decoupling temperature of lepton number violating processes at
the GUT scale Td ∼ 10−16GeV then a lepton asymmetry of ∆L ∼ 10−10 is generated.
If the GUT has a B − L symmetry then a baryon asymmetry of the same magni-
tude and sign is generated as the lepton asymmetry (18). If the sign of the initial
B0 potential (16) is negative then GUT processes will generate more anti-neutrinos
than neutrinos. In that case spalerons (which conserve B + L) ([10]) can convert
the anti-neutrino excess to a baryon number asymmetry of the same magnitude and
correct sign.
Spontaneous breaking of CPT to generate baryogenesis at thermal equilibrium
was first introduced in [11]. In this model the baryon number current is coupled to
a scalar field (1/f)∂µφ j
µ
B. When φ acquires a vacuum expactation value (vev) and
acts like a classical field then this term splits the energy levels of baryons and anti-
baryons thereby generating a net baryon asymmetry at thermal equilibrium. The
correct magnitude of η depends on the coupling constant (1/f) and the value of
the scalar field vev. A more general class of explicit CPT violating terms in the
lagrangian which can generate baryon asymmetry have been studied in [12].
In our mechanism the value of η is determined by the decoupling scale (taken
as the GUT scale 1016Gev) and the amplitude of tensor perturbations (∼ 10−6)
which is consistent with COBE observations [8] and inflation models [6]. In future
observations of CMB polarizations by the MAP and PLANK satellites it may be
possible to accurately determine the magnitude of tensor perturbations and provide
an experimental check on our baryogenesis model.
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